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@ Fabrication of electronic devices with an internal window. 



@ A process is described of producing devices, 
such as vertical cavity surface emitting lasen or 
resonant cavity light emitting devices, with an 
insulating region between an active region and 
top electrode, the insulating region having a 
centrally located window permitting passage of 
the electric current from the top electrode to the 
bottom electrode centrally of the active region. 
The insulating region is formed by ion implan- 
tation. The window is defined by a photoresist 
mask formed by angle etching a photoresist 
masking layer by RIE, so as to form the mask 
with parallel side walls inclined at an angle to 
the normal to the masked surface. The ion 
implantation is conducted at the same angle 
and parallel to the side walls of the of the mask. 
This permits fabrication of devices individually 
or in arrays. An exemplary independently ad- 
dressable top emitting 8x18 VCSEL array 
(VCSELA) with GaAs multi-quantum well gain 
region was fabricated with excellent properties 
using the angle etched masks. The typical 
threshold current and voltage of the exemplary 
devices in this array are approximately 4 mA 
and 2.65V respectively. The L-l-V characteristics 
of the devices do not change by current anneal- 
ing. Also, a comparison between devices pro- 
duced by using the novel angled implantation 
mask and devices produced by using conven- 
tional lithography implantation mask indicates 
the importance of the implantation mask prepa- 
ration on the final VCSEL operating character- 
istics. 
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Field of the Invention 

This invention concerns manufacture of electron- 
ic devices having an internal window and the so-pro- 
duced devices. 

Background of the Invention 

Two dimensional arrays of such electronic devic- 
es as Vertical Cavity Surface Emitting Lasers 
(VCSELs) or Light Emitting Diodes (LEDs), have nu- 
merous applications in high capacity switching sys- 
tems, back-plane computer interconnect technology, 
smart pixel arrays, high power coherent beam gener- 
ation, and two dimensional beam steering. The ele- 
ments of these arrays can either work in unison to 
generate coherent supermodes or operate indepen- 
dently as high density sources for multi-channel sys- 
tems. In the manufacture of such electronic devices, 
an area of semiconductor layers, such as distributed 
Bragg reflector mirror and/or confining layer, above 
an active (radiation emitting) region is peripherally 
implanted with dopant (proton) ions while leaving the 
central area of those layers unaffected. These periph- 
eral areas become impenetrable to electric current 
restricting its passage to the central area of the active 
region. In this manner the electric current flow from 
a top electrode to a bottom electrode of the device is 
directed through the central area of the active layer 
defined by the so-formed window, while the optical 
radiation is emitted through the window and then 
through the aperture in the top electrode. Examples 
of VCSELs are disclosed in articles by G.Hasnain et 
al., "High Temperature and High Frequency Perfor- 
mance of Gain-Guided Surface Emitting Lasers, 
Electronics Letters Vol. 27, No. 11, May 23, 1991, pp. 
915-16, and G. Hasnain etal., "Performance of Gain- 
Guided Surface Emitting Lasers with Semiconductor 
Distributed Bragg Reflectors", IEEE Journal of Quan- 
tum Electronics, Vol. 27, No.6, June 1991, pp. 1377- 
85. 

Applicants have discovered that conventional 
photoresist processing of masks for ion implantation 
and subsequent implantation of proton ions through 
the masks leads to improperly defined windows, 
wherein the walls of the windows have unsharply de- 
fined, fuzzy implantation damage outlines resulting in 
higher device resistance. This leads to higher thresh- 
old values of the device, which leads to lower operat- 
ing characteristics of the device. Thus, it is desirable 
to produce implantation damage profile which more 
precisely defines the window in the ion-damaged 
area. 

Summary of the Invention 

This invention embodies a process of producing 
devices, such as vertical cavity surface emitting las- 



ers or resonant cavity light emitting devices, with an 
insulating region between an active region and top 
electrode, the insulating region having a centrally lo- 
cated window permitting passage of the electric cur- 

5 rent from the top electrode to the bottom electrode 
centrally of the active region. The insulating region is 
formed by ion implantation. The window is defined by 
a photoresist mask formed by angle etching a photo- 
resist masking layer by RIE, so as to form the mask 

10 with parallel side walls inclined at an angle to the nor- 
mal to the masked surface. The ion implantation is 
conducted at the same angle and parallel to the side 
walls of the of the mask. This permits fabrication of 
devices individually or in arrays. An exemplary inde- 

15 pendently addressable top emitting 8x18 VCSEL ar- 
ray (VCSELA) with GaAs multi-quantum well gain re- 
gion was fabricated with excellent properties using 
the angle etched masks. The L-l-V characteristics of 
the devices do not change by current annealing. Also, 

20 a comparison between devices produced by using the 
novel angled implantation mask and devices pro- 
duced by using conventional lithography implantation 
mask indicates the importance of the implantation 
mask preparation on the final VCSEL operating char- 

25 acteristics. 

Brief Description of the Drawings 

FIG. 1 is a schematic representation of a VCSEL 

30 with an internal window; 

FIG. 2 is a schematic representation of the 
VCSEL structure shown with an angled implan- 
tation mask and a window in the implanted area; 
FIG. 3 is a schematic representation of a top view 

35 of a 8 x 1 8 VCSEL array (VCSELA); 

FIG. 4 is a plot of current-light-voltage character- 
istics of a typical element of a VCSELA; 
FIG. 5 is a representation of comparative plots of 
typical current-voltage characteristics of two de- 

40 vices of the VCSELA prepared either by angle 
etching (AE devices) or by conventional lithogra- 
phy (CL devices); 

FIG. 6 is a representation of comparative plots of 
the differential resistance values of the AE devic- 
es es and the CL devices; and 

FIG. 7 shows a schematic representation of a 
VCSEL structure with a conventionally etched 
implantation mask and resultant imperfect win- 
dow in the implanted area. 

50 

Detailed Description 

Shown in FIG. 1 is an embodiment of an exem- 
plary VCSEL device, generally identified by numeral 
55 10. For illustration purposes, dimensions of the de- 
vice are not drawn to scale. The device includes a 
semiconductor structure, generally identified by nu- 
meral 11, and a bottom electrode, 12, and a top elec- 
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trode, 13, to the semiconductor structure. 

Semiconductor structure 11 of a VCSELtypically 
includes, in an ascending order from bottom elec- 
trode 1 2, a substrate, 14, a distributed Bragg reflector 
(DBR) bottom mirror, 15, a bottom confining layer, 16, 5 
an active region, 1 7, a top confining layer, 18, a DBR 
top mirror, 19, and a high conductivity contact layer, 
20, positioned between the top DBR mirror and the 
top electrode enabling non-alloyed, ohmic contact to 
the top electrode. While not shown, the structure may 1 o 
include a buffer layer or layers positioned between 
the substrate and the bottom DBR. 

In the exemplary embodiment of the VCSEL, top 
electrode 13 is provided with centrally located aper- 
ture, 21 , which permits emission of radiation through 15 
a relatively small area. Also shown above active re- 
gion 17 is an insulating region, 22, having a window, 
23. The latter is coaxially aligned with aperture 21. 
Aperture 21 and window 23 range from to 5 to 50 urn 
in diameter, preferably from 1 0 to 20 urn in diameter. 20 
The insulating region restricts the passage of current 
from the top electrode to the bottom electrode to the 
central portion of the active layer defined by window 
23. 

The exemplary semiconductor structure was 25 
grown by molecular beam epitaxy (MBE). In the ex- 
emplary embodiment, the Varian Gen II® system was 
calibrated to grow material designed for the cavity 
mode centered around 850 nm. Active region 17 con- 
sisted of 5 GaAs quantum wells each 70 A thick sur- 30 
rounded by Alo.1eGao.a4As cladding layers 16 and 18. 
Top and bottom mirrors 13 and 12, which are doped 
with p-type and n-type conductivity dopants, respec- 
tively, are one step distributed Bragg reflectors with 
20 and 28 periods, respectively, of AlAs (604 35 
A)/Al 0 .58Gao.42As (99 A)/AI 0 .i 6 Gao.84 As (515 A) with 
high doping at the interface. The donor doping profile 
in the top mirror was designed to reduce the free car- 
rier loss. A thin heavily doped GaAs contact layer 20 
is used in a thickness sufficient to establish a non-al- 40 
loyed ohmic contact between the metal electrode and 
the DBR mirror without affecting transmission of laser 
light there through. A GaAs thickness of 44 A is suffi- 
cient to preserve planarity of the process while avoid- 
ing laser light absorption by the contact layer. The top 45 
mirror power reflectivity was designed to be 99.5 per- 
cent with 0.23 percent free carrier loss and 0.24 per- 
cent power transmission. The reflectivity of the bot- 
tom mirror was designed to be 99.88 percent. 

Windows were fabricated using an implantation so 
process schematically represented in FIG.2. The do- 
pant (proton) ions were implanted into the semicon- 
ductor structure through the top metal electrode at an 
angle to the normal to the top surface of the top elec- 
trode and parallel to the side walls of mask dots 24 on 55 
the top electrode. These ions are selected from ions 
of elements which do not affect the conductivity type 
of the material in which they are implanted, but in- 



crease the resistivity of the implanted regions caus- 
ing the implanted regions to become insulating with 
respect to the passage of the current through these 
regions. Ions, such as hT, 0 + , or F* are implanted in 
concentrations of from 1x10 13 to 5x1 0 14 per cm 2 . 

A photoresist implantation mask, 24, is prepared 
by angled reactive ion etching. The parallel side-walls 
of the so-prepared implantation mask have an angle 
with respect to the surface normal , which angle is par- 
allel to the proton implantation beam. This results in 
laterally abrupt implantation damage above the ac- 
tive region creating a sharply defined window in a pro- 
ton implanted damaged area. 

The fabrication process is as follows. Semicon- 
ductor structure 11 is formed upon substrate 14 by 
MBE process which is well known. Top electrode 13 
is formed by evaporating a metallic layer, such as 
Ti7AuBe/Au, on top of the GaAs contact layer 20 and 
patterning the metallic layer by lift-off technique de- 
fining the top electrode of the device and forming cir- 
cular aperture 21. In cases where more than one de- 
vice is formed, apertures 21 are spaced, for example, 
500 jim apart, each from another. 

Next the ion implantation mask is fabricated. First 
the surface of the top electrode and areas of GaAs 
contact layer 20 exposed in aperture 21 is covered by 
a 3000A thick protective layer of Si0 2 (not shown) de- 
posited by plasma enhanced chemical vapor deposi- 
tion (PECVD). This thickness corresponds approxi- 
mately to >J2 of Si0 2 so that the layer does not signif- 
icantly alter the top mirror reflectivity while providing 
protection against subsequent deposition, baking and 
removal of a masking photoresist layer. The wafer 
with the protective Si0 2 layer is covered with 6 um of 
4620 AZ™ masking photoresist and baked for 6-8 
hours at 150°C. The wafer is then coated with 3000A 
thick layer of spin-on-glass followed by deposition of 
a thin photoresist layer (1 .5 urn of Shipley 1450J™) on 
top of the spin-on-glass. To harden the spin-on-glass 
to withstand the future photoresist development step, 
the wafer is baked at 250°C for half an hour prior to 
the deposition of the thin photoresist layer. In the spe- 
cific example the thin photoresist layer is patterned 
by conventional lithography into dots on top of the 
spin-on-glass in the form of an implantation mask. In 
the exemplary devices, aperture 21 is 12 jam in diam- 
eter, and the dots are made larger than the apertures, 
e.g., 15 urn in diameter. Since the spin-on-glass layer 
is transparent, the dots can be aligned directly with 
the 12 u.m aperture in the metal electrode layer. The 
thin photoresist pattern is transferred first to the spin- 
on-glass layer by CF4/O2 plasma and then to the bot- 
tom photoresist layer using Oxygen reactive ion etch- 
ing (RIE). 

The transfer of the dot pattern to the thick photo- 
resist layer on the patterned wafer is conducted by an 
angle etching technique. The wafer is mounted on a 
wedge placed on the bottom electrode plate of a par- 



5 



EP 0 618 625 A2 



6 



allel plate reactive ion etching (RIE) oxygen system 
equipped with turbo-molecular pump. This alignment 
assures that the walls of the implantation mask dots 
will be etched at an angle to a normal to the top of the 
metal surface of the top electrode. In the specific ex- s 
ample this angle is 7°, but may range from 5 to 10°. 
In this manner, the side walls of resultant dots, 24, of 
the photoresist will be inclined with respect to the met- 
al surface of the top electrode, as is shown in FIG. 2. 
Running a discharge at 0.4 Pa insures that the thick- 10 
ness of the Faraday dark region is much larger than 
the height of the wafer that extends above the plate. 
In this way, the boundary of the dark region will re- 
main almost parallel to the cathode plate of the RIE 
system and hence the ions will accelerate in a trajeo- 15 
tory perpendicular to the plate. 

The implantation of ions (e.g. H+, 0 + or F + ) into the 
peripheral region of at least the top DBR mirror is con- 
ducted next The angle at which ion implantation 
takes place is aligned with that of the RIE angled etch 20 
side wall of mask 24. By implanting the ions at an an- 
gle parallel to the side walls of the mask, the ends of 
areas damaged by the implanted ions have sharply 
defined boundaries as shown in FIG. 2. In contrast, 
windows produced by ion implantation using masks 25 
produced by conventional, non-angled procedures 
tend to have unsharply defined, diffuse, fuzzy im- 
plantation damage outlines of the window, as is rep- 
resented in FIG. 7 After the implantation, the sub- 
strate is thinned to about 1 00 ^m, and AuGe/Ni/Au is 30 
evaporated on the bottom of the substrate forming 
bottom electrode 12. The ohmic contacts, and espe- 
cially the ohmic contact between the top electrode 
and the GaAs contact layer 20, are not alloyed. 

After the ion implantation the devices may be 35 
separated into individual devices or into arrays of the 
devices addressable individually or in any desired 
combination of devices. In the latter case, contact 
areas are opened in the protective Si0 2 layer around 
portions of the 12 u.m laser aperture and electrical 40 
runners, 31, are defined connecting each device 10 
to a contact pad, 32, at the edge of a chip. The runners 
may be defined in the metal layer remaining after the 
lift-off step when patterning the top electrode and its 
windows. Alternatively the runners may be deposited 45 
by evaporating the runners onto the Si0 2 layer. A 
schematic representation of an exemplary VCSELA 
of 8 x 18 individually addressable VCSELs on a 4 mm 
x 9 mm chip is shown in FIG. 3. Each array has 144 
contact pads around the periphery. so 

The light-current-voltage (L-l-V) characteristics 
of an individual VCSEL of the array is presented in 
FIG. 4. The threshold current of each individual ele- 
ment is 3.8 mA, and the corresponding voltage is 
2.65V. The peak output power is «2.1 mW. The thresh- 55 
old current and voltage is relatively uniform across 
the array. No significant current annealing phenom- 
ena has been observed. The array performance is 



quite robust, unaffected by previous operating condi- 
tions. Ramping the current from 0.0 mAto 35 mA suc- 
cessively, leads to only 0.1V change in threshold vol- 
tage. The array performance is, in general, unaffect- 
ed by previous operating conditions. This insensitivity 
to current annealing is essential for realization of 
large arrays. 

To demonstrate the significance of the effects of 
the angle etched (AE) implantation mask on device 
performance, a comparison was made between de- 
vices produced by the use of the angle etched implan- 
tation mask and the conventional lithography (CL). 
The angle etched implantation mask of FIG. 2 was 
prepared as described above to fabricate devices re- 
ferred to as AE devices, while conventional lithogra- 
phy was used resulting in photoresist masking dots, 
25, shown in FIG. 7, 1 5 urn in diameter and 6 um thick 
to fabricate devices, referred to as CL devices. Both 
samples were obtained from nearby pieces of the 
same wafer. Less than 5 percent variation in the l-V 
device characteristics was observed if AE process is 
used. As can be seen in FIG. 5, the AE devices drop 
about 1.7V less than CL devices at 4 mA. Further- 
more, in contrast to the AE devices, the CL devices 
are current annealable: the voltage decreases from 
4.3V to 3.5V after several current sweeps from 0 to 
35 mA. The current annealing leads to an increased 
resistance of the device. As is seen from FIG. 6, the 
differential resistance values of the AE devices are 
noticeably lower than those of the CL devices. The 
difference between the two techniques is that in 
cross-section the AE implantation mask is a paralle- 
lepiped with sides parallel to the proton ion trajectory, 
while in the other case, the CL mask is trapezoidal 
with «70° sloping walls. The two different techniques 
result in two different implantation damage profiles 
just under the sloping sides at the periphery of the 1 5 
um photoresist dot. The observed difference in the I- 
V characteristics presumably result from this differ- 
ence. 

The above-described process is also applicable 
to the production of the Resonant Cavity LEDs with 
an internal window. There could be some differences 
in the construction of the VCSELs and RCLEDs, such 
as the use of only one mirror. Nevertheless, the proc- 
ess described with reference to the production of win- 
dows in the VCSELs would be applicable to the pro- 
duction of the RCLEDs. 

The process would also be applicable to the pro- 
duction of windows with implantation masks having 
openings in the photoresist mask rather than dots of 
the photoresist. Walls of the openings, sloping in op- 
posite, nonparallel directions, would also result in ex- 
tended, poorly defined implanted areas. Use of an- 
gled walls of the opening, with wall sloping in parallel 
each to another, would lead to sharply defined ends 
of the ion implanted areas. 
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Claims 

1. A method of manufacturing electronic devices 
having internal windows in an insulating, ion im- 
planted region, the device including a semicon- 5 
ductor structure and a top and a bottom metal 
electrode to the structure, which comprises: 

depositing on the top surface of the top 
electrode a photoresist layer in a thickness suffi- 
cient to prevent implantation ions from reaching 10 
semiconductor material underlying the top elec- 
trode, patterning the photoresist layer, and im- 
planting proton ions into said semiconductor ma- 
terial, forming an insulating region with a centrally 
located window, wherein 15 

said photoresist layer is patterned by an- 
gle etching with reactive ion etching (RIE) to pro- 
duce a masking pattern side walls of which are in- 
clined a preselected angle with respect to a nor- 
mal to said top surface and which have a common 20 
parallel, and 

said implanting of the ions is conducted at 
an angle directed parallel to the side walls of the 
photoresist pattern. 

25 

2. The method of claim 1, in which said photoresist 
layer is patterned in the form of .dots of photore- 
sist, having side walls and sloping said angle rel- 
ative to a plane normal to the plane of the top sur- 
face of the top electrode. 30 

3. The method of claim 1, in which said photoresist 
mask is produced by 

depositing a thick photoresist layer on top 
of the metal electrode, 35 

depositing a spin-on-glass layer on top of 
the photoresist layer, 

depositing a thin photoresist layer on top 
of the spin-on-glass layer, 

patterning the thin photoresist layer by 40 
conventional lithography into a desired pattern, 
and 

transferring said pattern to the spin-on- 
glass layer by etching in a CF4/O2 plasma and 
then to the thick photoresist layer by Oxygen Re- 45 
active Ion Etching (RIE). 

4. The method of claim 2, in which, prior to said RIE 
step, the top surface of the device is arranged at 

an angle relative to a normal to parallel plates of 50 
a RIE oxygen system, said angle corresponding 
with an angle of implantation at a subsequent ion 
implantation step. 

5. The method of clai m 1 , in which said angle is with- 55 
in a range of from 5 to 10 degrees relative to the 

, normal to said top surface. 



6. The method of claim 5, in which said angle is 7 
degrees. 

7. The method of claim 3, in which said metal elec- 
trode has an aperture for the passage of radiation 
emission therethrough, and in which, 

prior to the deposition of the thick photore- 
sist layer, an Si0 2 layer approximately XI2 thick is 
deposited on top of the metal electrode and on a 
surface of the semiconductor structure exposed 
in the aperture. 

8. The method of claim 7, in which said exposed 
surface is a surface of a semiconductor contact 
layer. 

9. The method of claim 1 , in which said device is se- 
lected from vertical cavity surface emitting lasers 
(VCSELs) and from resonant cavity light emitting 
diodes (RCLEDs). 

10. The method of claim 1, in which said device is a 
VCSEL, the semiconductor structure of which in- 
cludes multi-quantum wells, active top and bot- 
tom confining layers, and DBR top and bottom 
mirrors, and said insulating region is formed by 
said implantation of ions into peripheral areas of 
the top DBR mirror. 

11. The method of claim 10, in which a plurality of 
these VCSELs is arranged into an array of indi- 
vidually addressable VCSELs. 
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